Some national drinking water guidelines provide guidance on how to define 'safe' drinking water.
RELEVANT QMRA PROPERTIES
Though they can vary in practice, and avoiding technicalities as far as possible, the methods described below constitute the general framework that a QMRA practitioner would apply to assess a water supply system (Teunis et al. 1997; Haas et al. 1999; Benford 2001; Haas & Eisenberg 2001; Medema et al. 2003) . This is also the current guideline course of action for Dutch utilities to follow when assessing their systems as required by domestic law (de Roda Husman et al. 2005) .
The daily probability of infection p (i.e. the quantified measure of 'risk') to consumers is estimated by inputting knowledge about the pathogen dose d consumed during exposure to some quantity of drinking water. The theoretical dose is inferred from knowledge about the measured viable pathogen concentration in the raw drinking source water c, the recovery fraction of the pathogen enumeration method r, the ratio of pathogens present in the raw water that pass unharmed through treatment processes 1, and the volume V of water consumed during one day:
The p from one exposure event is ascertained by inputting d into a pathogen-specific dose-response function, of which the most commonly applied is the exponential function: p ¼ 1 2 e 2du , where e ¼ 2.718… and u is the average probability of a person becoming infected after ingesting one organism. At very low doses, as is typically encountered from urban treated water supplies, the exponential dose-response curve is approximately linear. Hence the following generally approximates p from a single exposure incident, particularly for very low doses (Haas et al. 1999) :
When calculating the 'typical' dose one may encounter, say on average over a long period of exposures, it may be possible to identify specific conditions for each parameter on the right hand side of Equations (1) and (2) for which that parameter will undertake a significant and unique value, to the exclusion of other condition types (e.g. value of 1 during 'nominal' treatment efficiency vs. 'failure' periods, variation in value of V during different seasons or between population groups, u values for immuno-competent vs.
immuno-compromised persons, etc.). Hence, any parameter X in Equations (1) and (2) can be characterised as:
where X j and l j are the parameter values under, and likelihood of occurrence of, the jth of m identified
Assuming that pathogen doses consumed on separate days are independent of each other (i.e. no interaction of pathogens ingested on separate days within the host), and that a person could reasonably be expected to consume some volume V of water daily (i.e. number of doses n ¼ 365 per annum), the annualised infection risk p ann is calculated as:
In a stochastic setting, two important principles are that following water exposure: (i) there is no possibility of 'zero risk' to the consumer, where 0 , p , 1, though sometimes the risk is so low as to be considered negligible; and (ii) the magnitude of p at any time is not constant but fluctuates over a time period, such as the course of one year.
To account for this variability, any or all of the parameters c, r, 1, V, u in Equations (1) and (2) may be considered random, and represented by probability density functions (PDFs) that account for the range and likelihood of possible values each parameter may undertake at any time. A stochastic representation of the value of p is then determined using Monte Carlo sampling methods (Vose 1996) , whereby a large number (ideally many thousands) of p estimates are generated by repeatedly drawing random point values from the parameter PDFs and inputting them into the relevant equations. Note that care should be taken when conducting the sampling to reflect that each daily risk estimate was determined on the basis that no parameter can be simultaneously under more than one relevant condition at any time. From the sampling outputs the long-term variability in the magnitude of expected daily risk p can be determined (e.g. Teunis et al. 1997; Pouillot et al. 2004; Signor 2007 ).
For estimating annualised risk, simply inputting each of the Monte Carlo derived p estimates into Equation (4) neglects to account for daily risk variability over the course of a year, and would lead to an exaggerated range of p ann .
A simplified approach advocated by Teunis et al. (1997) involves randomly sampling (with replacement) 365 indi- 
CASE FOR SHORTER-TERM TARGETS
To aid in the management of chemical risks from media to which humans are exposed daily (e.g. for indoor air pollutants and quality), many authorities (e.g. NH&MRC 1996) have adopted two-tiered pollutant exposure criteria, so that targets are set for both acute and long-term exposures to contaminants. That is in recognition that some hazardous substances may cause acute health effects in a human, and also because consistent long-term exposure to smaller quantities of the same substance can result in harmful build-ups of toxins in the body. However for microbial hazards, particularly with regard to drinking water consumers, there is far more concern associated with acute rather than chronic disease impacts (Haas et al. 1999) . Hence for microbial risks from drinking water, management could ideally involve aiming to ensure that humans are exposed to negligible pathogen levels on each and every occasion that they consume the water. Further, the case outlined below for adopting daily health targets is built around providing: (i) incentives to control water quality and risk fluctuations; (ii) opportunities for risk management; and (iii) simplification of the probabilistic risk assessment process as described in turn below.
Incentive to exercise control over risk fluctuations
Adoption of an annualised risk target recognises that some risk fluctuation is acceptable over the course of the year provided the longer-term target is met. Stochastic methods for assessing risks have been heavily used recently in acknowledgment that risks inevitably will fluctuate, and they offer a way to examine the extent of and uncertainty about that anticipated variability. From above, as the daily risk estimate p is essentially the product of a series of random variables, and if it is assumed that all parameters are independent, then upon any QMRA application, p's annual long-term variability will generally be described by a lognormal PDF, as dictated by the central limit theorem (Vose 1996) . The lognormal PDF is typically highly skewed and has the property that its overall mean value is highly sensitive to the rarely occurring but relatively 'extreme' higher risk periods. Further, modelling dependence among some parameters may mean that the outputted risks from a QMRA model will have a very high skew that would be underestimated even by the lognormal PDF (Englehardt 2002; Englehardt et al. 2007) .
It is evident from earlier probabilistic QMRAs that daily risks from drinking water will generally have inter-decile ranges that stretch over several orders of magnitude. The Additionally, a higher prevalence of communicable disease in a community from one pathway (i.e. drinking water exposure) has the 'knock-on' effect of increased direct person-to-person transmission rates (Eisenberg et al. 2002) and enhanced disease risks from other indirect pathways, such as wastewater reuse applications.
The influence of short-term adverse risk fluctuations is evident in Figure 1 . The variable infection probability curves and tabulated statistics displayed were derived from an actual stochastic QMRA of an Australian water supply system undertaken using the framework of methods described earlier (Signor 2007) . A series of different event type scenarios were assessed for their impact on overall risk estimates. One was sub-optimal coagulation brought about by mechanical failure at the treatment plant, which in turn adversely affected the efficacy of the physical treatment step in each of six parallel treatment cells at the plant. Assuming water consumed from the system was treated under either 'nominal' or 'failing' coagulation treatment conditions, two daily risk curves were derivable pertaining to each condition. The overall daily risk curve was derived by mixing those two PDFs in proportion to the likelihoods of either condition predominating at any time (as per Equation (3)).
From plant incident records the total proportion of time the coagulator was assumed to be 'failing' over a year was l coag. fail ¼ 0.036%. Under 'nominal' conditions each physical treatment cell was assumed to remove on average . 99.99% of Cryptosporidium oocysts, while during coagulant 'failure' a near total loss of removal efficiency was assumed so that anywhere between 3 and 100% of oocysts would pass through the barriers (dependent on other conditions at the time).
In Figure 1 , three variable daily and annual Cryptosporidium infection risk curves (D1-3 and A1-3, respectively, derived from 1,000,000 Monte Carlo sampling iterations) are shown for l coag. fail values of 0.00036 (the actual estimate for the plant), 0.036 and 1. The daily risk curves for the two lower likelihoods of 'failure' are visually similar. However a failure event that predominated for just 3.6% of the time over one year (curve A2, l coag. fail ¼ 0.036) increased the overall mean daily and annualised risks by more than a factor of ten, as opposed to when 'failure' was virtually negligible (curve A1). Note that those figures relate to risks posed to and averaged out over a large population over Taking the view that health target adoption should provide a means to address both issues, one way to address it would be to adopt even lower annualised targets (say to , 1 £ 10 25 or less). The problem then is with the potential costs of complying with such stringent targets, even to water supply systems considered to be performing well, which was largely behind Haas's (1996a) call for more lenient widespread targets than the 1 £ 10 24 value. Another simple option advocated here would be to adopt and assess QMRAs against a shorter timeframed (i.e. daily) risk target, chosen so as to ensure the shorter-term risks do not fluctuate to 'extreme' levels. The daily target could be chosen so that adherence with it would automatically result in meeting any annualised target it was based on.
Opportunity for risk management
From a risk management perspective the only parameters from Equations (1-4) one may reasonably attempt to exercise control over in order to mitigate risks and meet targets are c and 1. High-impact/short-duration adverse event conditions in the water supply system, leading to adverse risk fluctuations, even those that have minor impacts on risks assessed over an annual period and averaged out over a large population, can still lead to a significantly increased mean risk on the day(s) within which it occurred (Westrell et al. 2003; Signor 2007) .
Aiming to meet a daily target can offer more immediately apparent guidance to a risk manager aiming to address those 'shorter-duration, higher-risk' events. strategies (e.g. critical reaction times to an alarm, specified level of redundancy in treatment efficiency, etc.).
Simplifying the risk assessment process
While in a deterministic setting the inference of p ann from p is a simple one-step process (Equation (4)), as described earlier within a stochastic setting it involves a high degree of additional random numerical sampling, data output organisation and computations of a more complex nature than even the more straightforward Monte Carlo methodologies utilised to simply output variable p. As calculating the daily risk p is a necessary step on the way to assessing the annualised risk p ann anyway, then the assessment process would be simplified by using p as the risk characterisation end-point.
DISCUSSION
What is an appropriate daily target?
The selection of an appropriate drinking water health target is a debatable issue and should reflect the situational aspects of any case, and also the local regulator's policy with regard to water quality management (Hunter & Fewtrell 2001 ).
This discussion has: (i) considered targets being expressed in terms of a probability of infection over some time period; (ii) noted that a 1 in 10,000 annual probability of infection target has had widespread adoption for urban water supply systems; and (iii) argued that targets expressed in terms of daily infection probabilities may provide more incentive and guidance for water managers to control shortterm, high-risk fluctuations in water quality. On the premise that the 1 in 10,000 annual infection probability target is a reasonable one, the equivalent daily target would be a probability of infection of 2.7 £ 10 27 from each daily exposure to the water (from solving Equation (4)). To make the target more easily communicable this is virtually equivalent to 1 £ 10 26 (i.e. 'one in a million') on any day.
Adhering to that daily target would see the annual 1 in 10,000 target being achieved anyway, as well as providing an incentive to control the extent of risk fluctuations.
Another daily target could be inferred similarly from any other preferred annualised target: for instance Haas (1996a) has argued that a 1 in 1,000 annual target would be sufficient, which relates to about a 1 in 100,000 daily target equivalent.
For the purpose of illustration, the discussion so far has focused on the use of targets expressed as 'infection probability' end-points only. However, most recently some guidelines (e.g. 
Variability in risk and probabilistic QMRA outputs
An upshot of the 'no possibility of zero risk' principle is that there can also then be no absolute conviction that a daily health target will always be met. Hence, acknowledging that on occasion the target value will be exceeded, when comparing a variable risk output with a deterministic target, compliance will need to be based on some chosen statistic of the stochastic QMRA output. The only precedent to date is from Schijven et al. (2006) , who has used probabilistic QMRA models to recommend ground aquifer soil zone sizes such that there would be 95% likelihood that the treated groundwater source would pose an annual infection risk to consumers of less than 10 24 . That criterion was based on the common supposition that a 95% likelihood of target compliance at any time seemed reasonably conservative. However, basing daily target compliance purely on
showing that some risk percentile meets the target places no restrictions on the extent of how much the risk can fluctuate beyond that percentile (which, when using the 95th percentile would correspond to more than two weeks in every year) and negates the main case presented here for adopting daily targets in the first place: to provide incentive to control short-term, high-risk water quality fluctuations.
Using the mean value would be somewhat more appropriate as it includes extreme percentile values when calculated (Haas 1996b) . However, sole reliance on the mean also implies that short periods of extreme risk levels may be tolerable if they were 'balanced' by symmetrical periods of extreme low risk. As such, adherence should be based on both the mean and some chosen high (say .90th)
percentile of variable daily infection probability being below any chosen target.
When assessing drinking water risks or when using the daily health target as a design parameter for determining treatment methods for a new water supply system, it may be beneficial for managers to outline and verify how the daily infection probability target would be achieved under a variety of identified relevant hazardous event scenarios
(such as short-term failures of treatment, fluctuating source water concentrations following rainfall in a catchment, etc.). These could be examined by having the events incorporated into, and management options examined by using, probabilistic QMRA models.
CONCLUSION
The extent of the longer-term health risks posed to drinking water consumers in developed regions will typically be heavily (nearly totally) governed by short-duration periods of higher risk. Risk fluctuations are brought about especially by variability in levels of contamination in source waters and in treatment efficiency, each of which may have any number of potential causes (Hrudey & Hrudey 2004 ).
Quantitative risk estimation techniques continue to develop to allow practitioners to better measure the possible extent of those fluctuations. These factors should be considered when adopting health targets: that is, the adopted target should provide guidance and incentive to combat impacts of adverse or hazardous risk fluctuations. Where the selected health target/assessment methods are tailored towards expressing risks in terms of a probability of infection over some time period, it is recommended that a daily rather than annualised target be adopted. Based on widespread current practice of aiming to adhere to a 1 £ 10 24 annual infection probability target, it is suggested that a design/operational target of 1 £ 10 26 daily infection probability would meet the aims of the original target, as well as promote the undertaking of measures to control the extent of short-term adverse risk fluctuations. In a stochastic QMRA setting, system 'compliance' could be based on both the mean and 95th percentile of the variable daily risks being estimated to be below that target. Risk management could involve outlining measures so that the daily target may be met under a variety of pre-identified, relevant, condition-based hazardous event scenarios, which can be explored within a probabilistic QMRA setting (e.g. Equations (1-4)).
Water quality health targets aim to encourage risk managers to: (i) assess the potential waterborne disease risk associated with using the water supply; and (ii) adopt measures to meet targets and protect consumers from waterborne disease. The primary benefit of adopting a daily target is that it would promote the importance of risk fluctuation control within drinking water supplies that large numbers of people may rely on every day. Other benefits would include providing a platform for managers to design and assess management initiatives to deal with short-term hazardous events as well as simplifying the technical components of the risk assessment process.
